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Abstract: This paper presents a stress-induced variable aperture model to characterise the effect of 
polyaxial stress conditions on the fluid flow in three-dimensional (3D) persistent fracture networks. 
Geomechanical modelling of the fractured rock is achieved by the finite-discrete element method 
(FEMDEM), which can capture deformability of matrix blocks, heterogeneity of stress fields as well as 
sliding and opening of pre-existing fractures. Propagation of new cracks is not required for this study 
of persistent fracture systems. The deformed fracture network topologies include details of dilation, 
opening and closing of fracture apertures, from which the local variations in hydraulic apertures are 
derived. Stress-controlled distribution of fracture apertures is modelled with both fracture-scale and 
network-scale effects considered. Under a geomechanical condition with low differential stress ratio, 
fracture porosity is dominated by the fracture-scale roughness. However, with the increase of stress 
ratio, some favourably oriented fractures are reactivated for shearing, and matrix blocks are promoted 
to rotate and generate large openings along their boundaries, which tend to be the key contributors to 
the aperture field in such persistent systems. The flow behaviour is then considered for these stressed 
but static solid skeletons and is investigated using a finite element solution to the Laplace problem of 
single-phase fluid flow. The equivalent permeability tensor of each cube-shaped rock mass is computed 
based on a series of flow simulations under a macroscopic pressure differential applied at opposite 
model boundaries with no-flow conditions on the remaining boundaries. Components of the 
permeability tensor are found to vary more than three orders of magnitude with respect to the change 
of stress ratio. Large aperture channels formed under a critical stress state accommodate significant 
localisation features in the flow structure of the network. The results of this study have important 
implications for upscaling permeability to grid block properties for reservoir flow simulation. 
 
 
 
 
 Highlights 
1. A stress-induced aperture model is developed for 3D persistent fracture networks 
2. Aperture variations due to fracture-scale and network-scale effects are modelled 
3. Local hydraulic apertures can vary greatly in a single persistent fracture 
4. Large aperture channels are formed in critically stressed rock masses 
5. Flow localisation occurs when the stress ratio exceeds the critical threshold 
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ABSTRACT: 8 
This paper presents a stress-induced variable aperture model to characterise the effect of polyaxial 9 
stress conditions on the fluid flow in three-dimensional (3D) persistent fracture networks. 10 
Geomechanical modelling of the fractured rock is achieved by the finite-discrete element method 11 
(FEMDEM), which can capture deformability of matrix blocks, heterogeneity of stress fields as well 12 
as sliding and opening of pre-existing fractures. Propagation of new cracks is not required for this 13 
study of persistent fracture systems. The deformed fracture network topologies include details of 14 
dilation, opening and closing of fracture apertures, from which the local variations in hydraulic 15 
apertures are derived. Stress-controlled distribution of fracture apertures is modelled with both 16 
fracture-scale and network-scale effects considered. Under a geomechanical condition with low 17 
differential stress ratio, fracture porosity is dominated by the fracture-scale roughness. However, with 18 
the increase of stress ratio, some favourably oriented fractures are reactivated for shearing, and matrix 19 
blocks are promoted to rotate and generate large openings along their boundaries, which tend to be the 20 
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2 
key contributors to the aperture field in such persistent systems. The flow behaviour is then 1 
considered for these stressed but static solid skeletons and is investigated using a finite element 2 
solution to the Laplace problem of single-phase fluid flow. The equivalent permeability tensor of each 3 
cube-shaped rock mass is computed based on a series of flow simulations under a macroscopic 4 
pressure differential applied at opposite model boundaries with no-flow conditions on the remaining 5 
boundaries. Components of the permeability tensor are found to vary more than three orders of 6 
magnitude with respect to the change of stress ratio. Large aperture channels formed under a critical 7 
stress state accommodate significant localisation features in the flow structure of the network. The 8 
results of this study have important implications for upscaling permeability to grid block properties 9 
for reservoir flow simulation. 10 
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1. Introduction 1 
Fractured rock is a naturally occurring solid material embedded with various discontinuities, 2 
such as faults, bedding planes, joints and veins. Such geological structures, along which rupture has 3 
caused mechanical weakness in the rock, often dominate the hydro-mechanical process of the host 4 
media [1]. Understanding the nontrivial influence of fractures on the overall behaviour of such highly 5 
disordered geological media has important implications for many engineering applications including 6 
geothermal energy, nuclear repository safety and petroleum recovery. 7 
Discrete fracture networks are often used to mimic naturally faulted or jointed geological 8 
formations. Compared to the conventional dual porosity model [2] and analytical solution for 9 
mathematically idealised discontinuity networks [3-5], the discrete fracture approach possesses the 10 
advantage of explicit representation of fracture geometries together with specific description of their 11 
intersections [6-7]. Flow properties, such as block or equivalent permeability tensor, of a finite-sized 12 
fracture system can be studied from steady state fluid flow modelling [8-9]. Permeability in this paper 13 
refers to the equivalent permeability that is defined as a constant tensor in Darcy‟s law to represent 14 
flow in a heterogeneous medium [10]. It is different from the notion of effective permeability that is 15 
considered as an intrinsic material property based on the existence of representative elementary 16 
volume (REV) at a large homogenisation scale. 17 
Effect of stress on the permeability of fractured rocks has been widely investigated using 18 
two-dimensional (2D) fracture network models. For example, Zhang and Sanderson [11] analysed the 19 
stress effects on the 2D permeability tensor of three sampled natural fracture networks. The level of 20 
differential stress was found to have a significant influence on both the magnitude and direction of 21 
4 
rock mass permeability. Min et al. [12] studied the stress-dependency of rock mass permeability with 1 
the effects of non-linear joint normal deformation and shear dilation considered and they observed 2 
significant stress-induced flow enhancement along connected shear fractures. Latham et al. [13] 3 
investigated the influence of in-situ stress on the permeability of an outcrop-based fracture system 4 
with consideration of bending features and crack propagation. Lei et al. [14] examined the stress 5 
effect on the validity of synthetic fracture networks for representing a naturally fractured rock in 6 
terms of geomechanical and hydraulic properties. These previous studies are mostly based on 2D 7 
fracture network models, where the three-dimensional (3D) nature of fluid flow in fractured rock 8 
masses under differential stress conditions remains poorly understood. 9 
The elementary object of a fracture network model is the single fracture. The commonly used 10 
approximation for laminar flow through a single fracture is the parallel plate model, for which the 11 
hydraulic transmissivity is proportional to the cube of the distance between separated plates [3]. In 12 
fact, the distribution of local apertures in a geological fracture is not uniform and strongly affected by 13 
the roughness condition of the two facing walls. Laboratory measurements of flow in single fractures 14 
revealed deviations from the results predicted by the idealised parallel plate concept due to the effect 15 
of surface asperities [15]. Mismatched rough wall surfaces can result in tortuous flow through void 16 
space while bypassing asperity regions that are in contact [16]. Numerical simulation of fluid flow 17 
through rough-walled joints with surface morphology characterised by fractal distributions also 18 
demonstrated the existence of channels formed by large aperture areas and barriers caused by low 19 
aperture zones [17]. The laminar flow through a rough fracture may be considered following an 20 
equivalent „cubic‟ law with the constant aperture value replaced by an appropriately weighted average, 21 
5 
i.e. hydraulic aperture [18-19]. Effects of normal compression and shearing processes on the relation 1 
between the mechanical aperture and the equivalent hydraulic aperture for rough fractures have been 2 
combined into an empirical formulation that is based on extensive results of laboratory experiments 3 
[20-21]. 4 
In reviewing the literature on fracture modelling, there appears to be two distinct research 5 
focuses which depend on the chosen scale of study. The first scale is at the level of the individual 6 
fracture in which the surface roughness is described in detail, and the second scale is at the level of 7 
the fracture network with emphasis on the overall properties. Each aspect needs methods adapted to 8 
mechanisms for the given scale and appropriate for their analysis and interpretation. Up to now, there 9 
are very few attempts to bridge these two scales in 3D numerical modelling, with an exception of 10 
recent work by de Dreuzy et al. [22] that combined the effects of fracture-scale heterogeneity and the 11 
network-scale topology in fluid flow modelling of 3D discontinuity systems. However, mechanical 12 
stress that has a vital impact on the variability of aperture fields were assumed uniform and isotropic 13 
across their model, regardless of the effects of fracture orientation and interaction which are known to 14 
be highly significant. 15 
In this paper, we will integrate the stress-dependent aperture model for single fractures into the 16 
hydro-mechanical modelling of highly interconnected fracture networks. The stress-induced variable 17 
aperture model that we propose is then applied to investigate the flow heterogeneity caused by both 18 
fracture-scale roughness and network-scale interaction effects in an idealised 3D persistent fracture 19 
network under various polyaxial stress conditions. The paper will mainly focus on the stress effect, 20 
whereas the complexity of scale effect and the possible existence of an REV are beyond the scope of 21 
6 
this study. Persistent fracture sets are used in this paper to remove the intricacy associated with 1 
fracture propagation – a topic which is discussed briefly at the end of this paper. 2 
The paper is organised as follows. Section 2 describes the numerical approach for solid 3 
modelling of multiple deformable block systems, the hydraulic aperture model that computes 4 
fluid-filled equivalent fracture space from deformed solids, and the computational solution to the 5 
discrete fracture and matrix flow. In section 3 and 4, a 3D discontinuity network involving three 6 
orthogonal sets of persistent fractures is subjected to an isotropic lithostatic effective stress condition 7 
for initial consolidation and further to various orthotropic polyaxial stress conditions. Geomechanical 8 
response of the fractured rock including stress heterogeneity, matrix block rotation, and fracture 9 
shearing and opening is investigated with the resulting stress-dependent hydraulic aperture 10 
distribution further obtained. The equivalent permeability of the stressed fracture network is 11 
calculated from single-phase steady state flow simulation, with its anisotropic property illustrated by 12 
an ellipsoid visualisation technique. A brief discussion is presented on stress-induced variable 13 
apertures and localised fluid flow, after which conclusions are drawn. 14 
2. Numerical methods 15 
2.1 Solid modelling 16 
The persistent discrete fracture network is integrated with the finite-discrete element method 17 
(FEMDEM) [23-25] to model the geomechanical behaviour of 3D fractured rocks under polyaxial 18 
(true-triaxial) in-situ stresses. The rock mass dissected by a persistent fracture population (Fig. 1a) is 19 
represented by an unstructured grid system (Fig. 1b) involving a continuous discretisation of matrix 20 
7 
domain using four-noded tetrahedral elements (Fig. 1c) and a discontinuous configuration of fracture 1 
interfaces using six-noded joint elements (Fig. 1d). A joint element is formed by two triangular faces 2 
that belong to opposite volumetric finite elements and are associated with separate nodes but having 3 
coincident initial coordinates (Fig. 1d). 4 
Kinetics of the multi-block geological system is governed by the Cauchy linear momentum 5 
equation: 6 
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where Ω is a discrete matrix domain, Γ is the domain surface, ρ is the material density, v is the nodal 8 
velocity, σ is the Cauchy stress tensor derived using a finite strain formulation, b is the body force, 9 
and t is the surface traction force by external loads and contact interactions. The FEMDEM solid 10 
model is capable of modelling both the deformation and interaction of dissected matrix bodies under 11 
various prescribed boundary conditions. Several important geological phenomena can be simulated in 12 
the mechanical experiments, such as stress heterogeneity in matrix blocks, re-activation of shear on 13 
pre-existing fracture walls, interaction between individual fractures as well as variability of aperture 14 
distribution in the fractures [13-14]. Fracture propagation is not to be modelled since only persistent 15 
fracture networks are considered in this study. 16 
2.2 Fracture aperture model 17 
Fracture space represented by separated interfaces of deformed solids in the mechanical model is 18 
transformed to lower dimensional surfaces associated with variable equivalent apertures for fluid flow. 19 
The aperture model presented here is aimed to capture the change in fluid conduits caused by the 20 
8 
applied in-situ stresses to the rock mass skeleton. The aperture characterisation procedure includes 1 
topological identification of the lower dimensional fracture system and calculation of variable 2 
hydraulic apertures, as described below. 3 
2.1.1 Characterisation of fracture system topology 4 
A generic algorithm has been developed in this research for the topological diagnosis of discrete 5 
fracture systems involving complicated interconnections, where a fracture is dissected into several 6 
block facets (polygonal shape) bounded by the intersections with many other fractures. Each block 7 
facet is further discretised into a number of connected joint elements in the FEMDEM grid system. A 8 
connectivity analysis (Fig. 2) is first implemented for each joint element to recognise its three 9 
continuously connected neighbours (i.e. sharing the same edge with identical nodes). If the edge of a 10 
joint element is located on model boundaries or fracture intersections, it is considered having no 11 
neighbour through that edge and a value of -1 is assigned numerically. 12 
Identification of isolated block facets is achieved based on a ternary-tree data structure (Fig. 3), 13 
in which a joint element is represented by a tree-node that has one parent tree-node (except the 1st 14 
level tree-node) and three child tree-nodes corresponding to its three neighbours. A breadth-first 15 
search (BFS) is conducted to recognise connected components (i.e. joint elements belonging to the 16 
same facet) by scanning the built ternary-tree structure, where previously visited tree-nodes or unreal 17 
neighbour tree-nodes are marked to be dead (i.e. empty nodes in Fig. 3) and will not grow in further 18 
searching loops. 19 
Isolated block facets represented by multiple ternary-trees are further combined based on their 20 
connectivity and coplanarity state to form corresponding discrete fractures (Fig. 4). The 3D fracture 21 
9 
space bounded by opposite fracture walls in the solid model is transformed into a lower dimensional 1 
system represented by the median surfaces between deformed facing walls with variable apertures 2 
calculated using the approaches described in the next section. 3 
2.1.2 Characterisation of fracture aperture distribution 4 
Stress effect on variability of fracture attributes is characterised in two different respects: (i) 5 
opening and shearing caused by network-scale fracture and matrix interaction under applied in-situ 6 
stresses (named as mesoscopic effect), and (ii) closure and dilation governed by fracture-scale 7 
roughness under local compressive stress and shearing movement (named as microscopic effect). 8 
Network-scale fracture opening ameso and shear displacement δs are calculated explicitly from the 9 
FEMDEM mechanical model as the normal and tangential translation components between the 10 
opposite triangles of a joint element (Fig. 5) given as 11 
ns mesoa           (2) 12 
2
meso
2
as  s          (3) 13 
where s is the vector defined by the nodal difference between the barycentres of the two facing 14 
triangles of a joint element, n is the unit normal vector of the joint element. 15 
Fracture-scale joint behaviour is characterised implicitly for each joint element based on two 16 
empirical parameters: joint roughness coefficient (JRC) and joint compressive strength (JCS) [20]. 17 
The roughness-induced a priori initial aperture value is calculated using an empirical relation given by 18 
[26] 19 
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where a0 is the a priori initial microscopic aperture (mm), σc is the uniaxial compressive strength 1 
(MPa) and is equal to JCS (MPa) given an assumption that the effect of weathering can be ignored. 2 
The estimated initial microscopic aperture value is assigned to all fractures equally before the loading 3 
of local normal compressive stress. Closure of microscopic apertures is modelled by a non-linear 4 
hyperbolic function (Fig. 6a) [26] 5 
n
ni
m
0micro 1
1
 


K
v
aa          (5) 6 
where amicro is the current microscopic aperture (mm), Kni is the initial normal stiffness (MPa/mm) 7 
given by 8 
0
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and σ’n is the effective normal stress derived from the FEMDEM solid model based on the Mohr 10 
circle transformation law 11 
nσnT nσ          (7) 12 
where σ is the Cauchy stress tensor of the volumetric finite element located on the fracture walls and 13 
n is the unit normal of the joint element in a column vector format, and vm in Eq. (5) is the maximum 14 
allowable closure (mm) given by 15 
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in which the coefficients derived from experimental measurements based on numerous joint samples 17 
of five different rock types under a third loading cycle [26] are adopted, because in-situ fractures are 18 
considered more likely to behave in a manner similar to the third or fourth cycle [20]. 19 
11 
The coupled effect of fracture normal and shear displacements is modelled by an improved 1 
dilation formulation [27] (Fig. 6b) to compute shear-induced dilational displacement as as 2 
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where δs is the current shear displacement, δpeak is the peak shear displacement, σ’n is the effective 4 
normal compressive stress, as,peak is the dilational displacement corresponding to the peak shear 5 
displacement. The peak shear displacement δpeak, as the threshold for dilation, is a stress- and 6 
scale-dependent parameter and can be estimated using an empirical equation [27] given by 7 
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where L is the size of a block facet (m) [28] defined as the length of the bounded facet in the local 9 
shearing direction. The integral part in Eq. (9) is numerically approximated by the quadratic solution 10 
of the three-point Simpson's rule. It can be noted from Fig. 6b that the pre-peak contraction and 11 
post-peak dilation features are well captured by this dilation model. 12 
The microscopic mechanical aperture am is calculated as the summation of roughness-induced 13 
opening amicro and shear-induced dilational displacement as. The microscopic hydraulic aperture ah 14 
defined as an equivalent aperture for laminar flow is derived based on an empirical relation with the 15 
mechanical aperture [21]: 16 
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where JRCmob is the mobilised JRC due to the roughness degradation and can be estimated using a 18 
power-base empirical relation [27] as 19 
12 
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A linear interpolation is used to determine the value of hydraulic aperture in the transition phase, i.e. 2 
0.75 < δs / δpeak < 1.0, of Eq. (11) [21]. As shown in Fig. 7, in the pre-peak phase, asperities of rough 3 
walls contract first with closed small voids and increased contact areas, which leads to a slight decline 4 
in the mechanical aperture and the ratio of hydraulic aperture to mechanical aperture, i.e. ah / am. 5 
Thereafter, the fracture walls begin to dilate with asperities not destroyed yet and both mechanical and 6 
hydraulic apertures exhibit an increasing trend. In the post-peak stage, where asperities get worn and 7 
damaged, the mechanical aperture continues to increase. However, the reduction of joint porosity 8 
associated with gouge production results in a decreased ratio of ah / am, and the hydraulic aperture 9 
seems to reach a plateau under further shear displacement. 10 
The total fracture hydraulic aperture a for fluid flow is calculated as 11 
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where ah0 is the hydraulic aperture corresponding to the roughness-induced initial aperture by 13 
substituting a0 into the first part of the Eq. (11). The hydraulic aperture model presented here can 14 
capture the scenario where fractures are either opened (ameso > 0) or in contact (ameso ≤ 0). By 15 
piecewisely computing the local hydraulic aperture for each joint element of the topologically 16 
identified interconnected fractures, an equivalent fracture field for fluid laminar flow is obtained. 17 
2.3 Fluid modelling 18 
Single-phase steady state flow of incompressible fluid with constant viscosity through porous 19 
13 
media, in absence of sources and sinks, is governed by the continuity equation and Darcy‟s law, 1 
which are reduced to a Laplace equation as 2 
  0  pk           (14) 3 
where k is the intrinsic and isotropic permeability of the porous media with local variability permitted, 4 
and p is the fluid pressure solved at nodes of unstructured finite element grids by employing the 5 
standard Galerkin method. The element-wise constant barycentric velocity is resolved based on the 6 
pressure gradient vector field by applying Darcy‟s law given by 7 
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where u
e
 is the vector field of element-wise constant velocities, p
e
 is the local element pressure field, 9 
µ is the constant fluid viscosity, and k
e
 is the local permeability of a matrix volumetric element with 10 
an assumed constant value or a lower dimensional fracture element having a variable value related to 11 
the local hydraulic aperture obeying the cubic law for laminar flow between parallel plates. By 12 
applying a prescribed macroscopic pressure differential on each pair of opposite boundary surfaces 13 
with no-flow conditions on the remaining ones parallel to the flow direction, pressure diffusion is 14 
solved for all fracture and matrix elements of the entire domain. The equivalent permeability tensor of 15 
the fractured media is computed using element volume weighted averaging of pressure gradients and 16 
fluxes for elements e within a restricted subvolume V of the flow region away from the borders to 17 
eliminate boundary effects [9] 18 
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where u
e
j is the element-wise barycentric velocity in the j direction, ∂p
e
/∂xi is the element pressure 20 
gradient along xi, and kij is the components of the symmetric second-rank permeability tensor k: 21 
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whose eigenvectors give the maximum, medium and minimum principal equivalent permeability, i.e. 2 
kmax, kmed, and kmin, respectively. 3 
3. Virtual experiment setup 4 
3.1 Persistent fracture network 5 
The discontinuity system of a periodically fractured limestone involves three orthogonal sets of 6 
persistent fractures with their geological data given by Table 1. The two vertical sets are oblique at 45° 7 
to the model boundaries where far-field horizontal stresses are to be applied. In this study, dispersion 8 
of fracture orientation is ignored to avoid treating finite elements with extremely high aspect ratios 9 
caused by intersection between sub-parallel fractures from the same set. All fractures are assumed 10 
through-going (i.e. only persistent fractures are modelled), tending to provide an upper limit for rock 11 
deformability and permeability. In reality, such idealised persistent networks might still be 12 
representative of some special scenarios involving highly fractured „non strata bound‟ sedimentary 13 
rock. Assumed material properties for this fractured limestone are given in Table 2 [26,29]. Due to the 14 
limits of current processing power, the numerical computation is technically constrained to consider 15 
only a relatively small scale virtual experiment and a 0.5 m × 0.5 m × 0.5 m cube-shaped rock sample 16 
is extracted for analysis in this paper (Fig. 8). 17 
3.2 Procedure for numerical experiment 18 
The fractured rock is considered to be at a depth of ~350 m with a pore fluid pressure ratio (i.e. 19 
15 
the ratio of pore fluid pressure to lithostatic stress) equal to 0.45, producing an overburden effective 1 
stress of 5 MPa. The rock sample is designed to be surrounded by a hollow-box shaped buffer zone 2 
having a width of 0.025 m and a reduced Young‟s modulus of 0.3 GPa. The buffer material has no 3 
physically corresponding substance in a realistic rock mass. It is introduced purely as a means to 4 
create boundary conditions that have a less distorting effect in the corner regions of the main volume 5 
domain of interest. The effect of the buffer zone is to provide a semi-free displacement boundary 6 
constraint to accommodate potential large slipping in such persistent system. The bottom of the model 7 
is fixed in the vertical direction, to accommodate the body force effect, but has no constraint for 8 
movements in the horizontal plane (i.e. “roller” boundary condition). The solid model is loaded in two 9 
consecutive phases (Fig. 9a and Table 3). First, an isotropic stress field (σ’x = σ’y = σ’z = 5 MPa) is 10 
imposed to consolidate the rock sample under the effective lithostatic stress. Second, a series of 11 
orthotropic stress conditions is further loaded with a fixed σ’x = 5 MPa, various σ’y = 5~20 MPa, and 12 
an increased σ’z = 10 MPa to consider the evolution of corresponding strike-slip tectonic regimes 13 
under an enhanced overburden stress (Table 3). More stress conditions are explored for the horizontal 14 
stress ratio between 2.0 and 3.0 where the state is approaching the theoretical value for frictional 15 
sliding on ideally oriented pre-existing fracture walls (i.e. a ratio of 3.1) given that the friction 16 
coefficient equals to 0.6 (see page 132 in [30]). Though, in the field, observed stress ratios are 17 
generally less than 2.0, we have used values larger than this for the sake of studying the effect from 18 
typical to extreme conditions to bring out clearly the system behaviour. A larger ratio may also 19 
represent conditions close to an excavation or fluid injection point. In any case, the simulations may 20 
correspond to laboratory measurements where such stress ratios may be imposed. Single-phase steady 21 
16 
state fluid flow through the deformed fracture network with stress-induced variable apertures is 1 
further modelled by imposing classical permeameter boundary conditions: two opposite boundary 2 
surfaces of the cube have fixed heads while the four orthogonal boundaries parallel to the flow 3 
direction are impervious (Fig. 9b). 4 
4. Results 5 
4.1 Fracture apertures 6 
The model that has arrived at equilibrium under the initial isotropic stress condition further 7 
adjusts to a new deformed state when various orthotropic stress fields are loaded. The stress ratio of 8 
σ’y to σ’x triggers stress heterogeneity in the matrix blocks (Fig. 10a), shear displacements along the 9 
two vertical sets (Fig. 10b), and even mesoscopic fracture openings caused by block rotations if the 10 
stress ratio is high enough (Fig. 10c). 11 
Hydraulic aperture of the stressed fracture networks is calculated as the summation of 12 
mesoscopic opening caused by fracture interaction and block rotation, and microscopic aperture 13 
governed by the surface roughness nature (Eq. (13)). Effect of stress generates significant 14 
fracture-scale heterogeneity for the distribution of hydraulic apertures in single fractures. Fig. 11 15 
shows the heterogeneous aperture contour of a vertical fracture extracted from the network under the 16 
orthotropic stress condition with σ’y / σ’x = 3. Very large apertures are clustered in some local areas, 17 
which seem to be connected and form a slightly diverted vertical channel from the top to the bottom 18 
of the model. 19 
Fig. 12 shows the network-scale distribution of hydraulic apertures in log scale under different 20 
17 
orthotropic stress conditions. In the stress case of σ’y / σ’x = 1, hydraulic apertures are uniformly 1 
distributed and exhibit quite low magnitude in such an isotropic stress field. With the increase of the 2 
far-field stress ratio, heterogeneity of fracture apertures begins to emerge and develop. Especially in 3 
the cases of σ’y / σ’x ≥ 3, very large hydraulic apertures are localised in some fractures of the two 4 
vertical sets that are quite favourably oriented for shearing. 5 
Fracture porosity is calculated as the proportion of fracture hydraulic aperture space to the total 6 
rock mass volume. The contributions from mesoscopic and microscopic effects are distinguished to 7 
isolate the sources of hydraulic apertures under different stress conditions (Fig. 13). In the case with a 8 
low stress ratio, e.g. σ’y / σ’x < 2.5, fracture porosity is mainly dominated by the microscopic 9 
roughness effect. As the stress ratio increases, the microscopic component exhibits moderate increase 10 
due to shear dilatancy, while the mesoscopic counterpart begins to manifest itself by a dramatic 11 
growth. As a result, the total porosity shows a continuous increasing trend under the increased 12 
differential stress ratio. It seems that the microscopic and mesoscopic porosity components as well as 13 
the total porosity display a positive linear relation with the stress ratio when σ’y / σ’x > 2.5. 14 
4.2 Equivalent permeability 15 
Matrix permeability km is assumed to have a low value, i.e. 1 × 10
-15
 m
2
, to produce a high 16 
fracture-matrix permeability contrast and impose a condition close to fracture-only flow. Poroelastic 17 
effect caused by the Biot-type coupling of pore fluid pressure and solid elastic stress [31] is not 18 
considered here for such a nearly impervious matrix. The equivalent permeability of the fractured 19 
rock under various polyaxial stress conditions is derived from the steady state flow simulation, where 20 
a subvolume is conservatively chosen with a distance of 10% of the model size away from the nearest 21 
18 
domain boundaries. As shown in Fig. 14, the increased stress ratio of σ’y to σ’x leads to considerable 1 
increase over several orders of magnitude in the diagonal of the permeability tensor, i.e. components, 2 
kxx, kyy, and kzz. A transition regime with steep permeability increase occurs when the far-field stress 3 
ratio is approaching the critical threshold, i.e. 3.1. 4 
The permeability tensor is visualised as a triaxial ellipsoid with three semi-principal axes 5 
indicating the magnitudes of maximum, medium, and minimum principal permeability, i.e. kmax, kmed, 6 
and kmin, respectively (Fig. 15). Normalisation is performed with respect to corresponding kmax since 7 
the absolute values span several orders of magnitude. In the case of σ’y / σ’x = 1, the permeability 8 
tensor ellipsoid is quite isotropic, despite of the intrinsic anisotropy in fracture geometries. In the case 9 
with higher stress ratios, e.g. the one of σ’y / σ’x = 3, significant permeability anisotropy is induced by 10 
the deviatoric stress acting with respect to the favourably oriented vertical fractures, resulting in a 11 
very high permeability in the subvertical direction. 12 
The increased far-field stress ratio also leads to considerable change in flow patterns as 13 
illustrated by Fig. 16. In the case of σ’y / σ’x = 1, fluid spreads through the whole network due to the 14 
quite uniformly distributed apertures. However, in the case of σ’y / σ’x = 3, fluid flow is localised in 15 
some zigzag-shaped pathways corresponding to the large aperture channels formed by parts of some 16 
fractures of the two vertical sets. 17 
5. Discussion 18 
Stress-induced heterogeneity of hydraulic apertures of a 3D persistent fracture network has been 19 
modelled with consideration of both fracture-scale and network-scale effects. In cases with lower 20 
stress ratio, fracture porosity is mainly controlled by the fracture-scale microscopic roughness effect. 21 
19 
With the increase of stress ratio, pre-existing fractures were reactivated for shearing and matrix blocks 1 
were mobilised into rotation and sliding at the mesoscale, which created some large openings along 2 
block boundaries. As a result, even in the persistent fracture, local hydraulic apertures can vary 3 
greatly, as shown in Fig. 11. The formation of large aperture channels due to such network-scale 4 
mechanical interactions leads to significant flow localisation and dramatic increase of overall 5 
hydraulic conductivity. The transition stage of permeability with steep growth that occurred when the 6 
far-field stress ratio is approaching the critical threshold (Fig. 14) shows consistency with the results 7 
of 2D fracture network modelling [12]. 8 
The results of the case under a critically stressed state, e.g. σ’y / σ’x = 3, are of particular interest. 9 
First, the shear displacement is extremely heterogeneous, in spite of being given such regular 10 
geometrical configurations of fracture sets. The system finds equilibrium by activating sliding with 11 
local extremes of shear displacement as highlighted in Fig. 10b. Locally, the sliding on the two 12 
vertical sets has created large aperture channels parallel to the active fractures (Fig. 11), which shows 13 
consistency with the field observation from boreholes that critically stressed faults with favourable 14 
orientations appear to have much higher hydraulic conductivity [30]. The result supports what is 15 
already known of the strike-slip faulting regime, that significantly higher permeability can be 16 
anticipated in the vertical direction associated with localised flow along displacing and dilating 17 
fractures [32-33]. This raises the question of whether the imposed boundary conditions with 18 
orthogonally applied stresses and semi-free displacement constraints are the most appropriate for 19 
modelling mechanical behaviour of the rock sample with such persistent fractures and whether the 20 
localisation effect is exaggerated by considering a domain with such few idealised fractures. However, 21 
20 
some fundamental mechanisms captured in this idealised fractured rock model, e.g. stress-induced 1 
fracture dilation, block rotation and flow localisation, would probably exist in more complicated 2 
systems having arbitrarily shaped and oriented fractures, which has been proven in many 2D models 3 
[11-14]. 4 
The high sensitivity of equivalent permeability (Fig. 14 and 15) and flow structure (Fig. 16) to 5 
the polyaxial stress condition indicates that special attention is required when the in-situ stress state of 6 
rock masses is significantly perturbed resulting from natural or human activities. For example, 7 
unloading effects during the excavation of underground infrastructures may cause significant stress 8 
redistribution surrounding the openings; injections and extractions of fluids during oil/gas reservoir 9 
production can significantly change the pore fluid pressure level and further vary the effective stress 10 
state of rock masses; multiple complex factors (e.g. underground excavation, radioactivity-induced 11 
heat transfer, and glaciation loading) can engender remarkable changes on the geomechanical 12 
condition of nuclear waste repositories. Such irreversible perturbations may lead to intensive fault 13 
reactivation, dramatic flow enhancement, and severe construction risk. Needless to say, the modelling 14 
methods employed in this study can also be applied to investigate more permeable matrix rock 15 
scenarios. The extreme nature of the flow anisotropy would be somewhat ameliorated by modelling a 16 
rock system with a more permeable matrix material. However, the realism of the „persistent-only‟ 17 
fracture model with no new fracturing adopted here may come into question as such a rock mass with 18 
weak sedimentary rock properties may be weak enough to locally propagate new fractures before the 19 
exceptionally high in-situ stress ratios considered here could be generated. 20 
Unlike some other conventional 3D upscaling methods in the literature [3-5,10] that do not 21 
21 
require explicit mechanical and flow simulations to compute the equivalent hydraulic properties, the 1 
proposed approach here may not be a practical solution under the limits of current processing power. 2 
This is a particular problem for applications to real reservoirs with domains spanning hundreds or 3 
thousands of metres and consisting of millions of fractures. However, this study still has important 4 
implications for upscaling permeability to grid block properties for 3D reservoir flow simulation. For 5 
example, the results obtained in this study imply that determination of an REV size, if it exists, may 6 
be a sophisticated process that requires many coupled effects to be considered in the model including 7 
not only the description of geometrical features, but also, characterisation of the geomechanical 8 
setting and changes resulting from any perturbation of the stress field. Indeed, it is recognised that 9 
there is unlikely to be an REV once a realistic system with impersistent fractures is modelled due to 10 
its intrinsic fractal nature [34]. Future work will involve modelling of these more general networks 11 
which have fractures with arbitrary shapes, distributed sizes, and dispersed orientations. A 3D crack 12 
propagation model [35] will be employed to capture the brittle deformation response including local 13 
concentrations of critically high tensile or differential stresses, together with realistic fracture opening 14 
and shearing behaviour on both pre-existing and newly propagated fractures. Such capability opens 15 
the way to modelling 3D flows in geomechanically realistic fractured rocks, including rock mass 16 
regions with locally higher density fractures or fracture corridors. Upscaling fracture network 17 
hydro-mechanical properties based on more physically realistic modelling of two-way coupling 18 
process [31] is also a nontrivial issue to be resolved. 19 
6. Conclusion 20 
To conclude, this paper presented a stress-induced variable aperture model to capture the effect 21 
22 
of polyaxial stress conditions on the flow properties of 3D persistent fracture networks. 1 
Geomechanical behaviour of the rock mass was simulated by the FEMDEM solid model, where a 2 
fracture treated as the interface between discrete matrix bodies can open, shear and dilate in the 3 
heterogeneous stress field. Under the stress condition with relatively lower differential stress ratio, 4 
fracture apertures are mainly governed by the fracture-scale roughness effect. With the increase of 5 
in-situ stress ratio, fractures with favourable orientations are reactivated to shear and matrix blocks 6 
bounded by the shearing fractures are promoted to rotate, which generates significant fracture 7 
openings at the block boundaries. Such fracture openings tend to be the dominant contributor to the 8 
aperture field in the high stress ratio conditions. To prepare for the flow modelling required in this 9 
work, a new discrete fracture system indexing logic was developed based on a breadth-first search of 10 
ternary-tree structures to systematically identify the fracture network topology and its associated 11 
apertures. Based on a series of single-phase flow virtual experiments, equivalent permeability of the 12 
stressed fractured rock was computed, ranging over more than three orders of magnitude with respect 13 
to the variation of effective stress ratio. A near-isotropic permeability tensor was observed in the case 14 
with lower stress ratio, whereas the fractured rock under a critical stress state exhibits highly 15 
anisotropic features in its permeability. Fluid flow tends to localise in some critically stressed 16 
fractures that are associated with much higher hydraulic conductivity than other fractures not 17 
optimally oriented for shearing. The large aperture channels formed parallel to the direction of 18 
pressure gradient provide a major pathway for fluid migration. The results of this study have 19 
important implications for upscaling permeability to grid block properties for reservoir flow 20 
simulation as well as other relevant engineering problems. 21 
23 
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Fig. 1. Representation of (a) a persistent fracture system by (b) an unstructured grid with (c) 
continuous nodal configuration inside matrix bodies, where two finite elements share identical nodes 
on their connecting facet, and (d) discontinuous nodal configuration on fracture interfaces, where two 
finite elements have different nodes for their overlapping facets. 
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Fig. 2. Connectivity analysis of fracture joint elements. 
  
  
 
Fig. 3. Identification of a block facet by breadth-first search (BFS) based on a ternary-tree data 
structure representing the topological connectivity of joint elements. 
  
  
 
Fig. 4. Identified discrete fractures formed by combined block facets. 
  
  
 
Fig. 5. A deformed joint element. 
  
  
 
Fig. 6. Microscopic non-linear behaviour of (a) normal closure, and (b) shear dilation of a fracture 
with length of 0.5 m, JRC = 15 and JCS = 120 MPa under an assumed compressive normal stress of 
10 MPa. 
  
  
 
Fig. 7. Variation of mechanical aperture, hydraulic aperture and their ratio for the fracture with length 
of 0.5 m, JRC = 15 and JCS = 120 MPa during a shearing process with an assumed compressive 
normal stress of 10 MPa. 
  
  
 
Fig. 8. A 0.5 m × 0.5 m × 0.5 m fracture network consisting of three orthogonal sets of persistent 
fractures. 
  
  
 
Fig. 9. Procedure for numerical experiment: (a) mechanical modelling with polyaxial stress conditions 
loaded by two phases, and (b) calculation of equivalent permeability based on single-phase steady 
state flow tests on stressed sample under a prescribed macroscopic pressure differential imposed on 
each pair of opposite boundary surfaces while the remaining boundaries are impervious. 
  
  
 
Fig. 10. (a) Distribution of differential stress in the matrix blocks, (b) distribution of fracture shear 
displacement in log scale, and (c) fracture openings caused by block rotations (observed from the top 
of the model) of the fractured rock under the orthotropic stress condition of σ’x = 5 MPa, σ’y = 15 MPa, 
and σ’z = 10 MPa. 
  
  
 
Fig. 11. Distribution of hydraulic aperture within a single fracture under the orthotropic stress 
condition of σ’x = 5 MPa, σ’y = 15 MPa, σ’z = 10 MPa. 
  
  
 
Fig. 12. Distribution of hydraulic apertures in the fracture network under various orthotropic effective 
stress conditions: (a) σ’y / σ’x = 1, (b) σ’y / σ’x = 2, (c) σ’y / σ’x = 3, (d) σ’y / σ’x = 4, given that σ’x = 5 
MPa and σ’z = 10 MPa. 
  
  
 
Fig. 13. Fracture porosity of the fractured rock under various polyaxial stress conditions: three curves 
represent the porosity induced by mesoscopic effect, microscopic effect and the value of total porosity, 
respectively. 
  
  
 
Fig. 14. Equivalent permeability of the fractured rock under various polyaxial in-situ stress 
conditions. 
  
  
 
Fig. 15. Ellipsoid visualisation, after normalisation with respect to kmax, of the permeability tensor of 
the fractured rock under different polyaxial stress conditions: (a) σ’x = 5 MPa, σ’y = 5 MPa, σ’z = 10 
MPa, (b) σ’x = 5 MPa, σ’y = 15 MPa, σ’z = 10 MPa. Note kmax in (b) is > 1000 times kmax in (a). 
  
  
 
Fig. 16. Flow pathways of the fractured rock models under different polyaxial stress conditions: (a) 
σ’x = 5 MPa, σ’y = 5 MPa, σ’z = 10 MPa, (b) σ’x = 5 MPa, σ’y = 15 MPa, σ’z = 10 MPa. (Note the flow 
arrow sizes representing local flux magnitudes in the flow test of the case σ’y / σ’x = 3 are scaled down 
by a factor that is 20, 50, and 100 times the one of the case σ’y / σ’x = 1 for east-to-west, 
north-to-south, and top-to-bottom pattern, respectively.) 
 
 Table 1. Geological data of the discontinuity system consisting of three orthogonal sets of persistent 
fractures. 
Fracture sets Dip (°) Dip direction (°) Spacing (m) 
Set 1 90 45 0.050 
Set 2 90 315 0.075 
Set 3 0 0 0.100 
  
Table
 Table 2. Material properties of the fractured limestone. 
Properties Value Unit 
Rock matrix:   
Density 2700 kg·m
-3
 
Young’s modulus 30 GPa 
Poisson’s ratio 0.27 -- 
Fractures:   
Friction coefficient 0.6 -- 
Tensile strength 0 MPa 
Cohesion 0 MPa 
JCS 120 MPa 
JRC 15 -- 
Initial aperture a0 0.3 mm 
  
 Table 3. Loading scheme for the geomechanical experiment. 
σ’x σ’y σ’z σ’x / σ’y 
Phase I (lithostatic stress condition): 
5 5 5 1.0 
Phase II (orthotropic stress conditions): 
5 5 10 1.0 
5 10 10 2.0 
5 11 10 2.2 
5 12 10 2.4 
5 13 10 2.6 
5 14 10 2.8 
5 15 10 3.0 
5 20 10 4.0 
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p.17 L19: ref 37 is useless at this level of generality. 
We have removed this reference. 
p.18 L8: ref 38 is not a good choice here (crystalline rocks). 
We changed to cite the book by Zoback (2007). Chapter 11 of the book has a detailed discussion 
about fluid flow in critically stressed faulted rocks that cover granitic, metamorphic, tuffaceous, 
brecciated and carbonate rocks (pp. 343-345 of the book). 
p.23 L17: J.-R. de Dreuzy… or J.-R. Dreuzy (de)… 
We have corrected this. See p.26 L1. 
Figures 
“(Fig.3)” p.6 L18: useless to cite again, as it is cited L14 and L19. 
We have removed the previous redundant citation. See p.8 L17. 
Fig.1(a): the referential and scale are to be increased. 
We have increased the font size of the axes ticks and the axes direction labels. See Fig. 1(a). 
Fig.6(b): problem with the scale of representation of the model (see later). 
We have made changes for this figure. Detailed discussion is given in the response to the later 
comment. 
Fig.7: why only 3 sizes were tested in the 0 to 0.5m range and continuing up to 10m? 
We have removed the previous inappropriate analysis of REV. 
Fig.9: “formation of aperture channels can be observed”: it is not so obvious that openings constitute 
channels, and worst, it is in contradiction with the REV hypothesis. 
We agree with the reviewer that the aperture channels cannot be confirmed by only a view from 
the top of the model. We have changed it to “fracture openings caused by block rotations 
(observed from the top of the model)…” See Fig. 10c. 
In the revised paper, we have included a figure (i.e. Fig. 11) to show the stress-induced 
heterogeneous aperture distribution in a single fracture and a discussion about the formation of a 
vertical aperture channel implied from the aperture contour. See p.16 L17~19. 
Fig.10: border and edge effect is obvious… 
Discussion about the border effect is given in the response to the reviewer’s synthetic comments. 
Fig.11: what is demonstrated here? 
  
We presented this figure to illustrate the stress-induced anisotropy in fluid pressure distribution. In 
the revised version, we have removed this figure due to its minor importance. 
Fig.12: main figure to be discussed in the text (see later). Change K into k (3 times). 
This previous figure corresponds to Fig. 14 in the revised version. We have changed K to k. The 
new figure shows more cases for σ’y / σ’x = 2~3 following the reviewer’s later comment. 
Fig.14: vertical flow is visible here? (cf. p.17 L7) It is strange to display the fluxes after the k 
ellipsoids. 
We have moved the figure of flow structure to the result section 4.2 in the revised paper. See Fig. 
16 and p.18 L13~17. It is true that permeability is calculated after flux computation. However, the 
purpose of showing flow structures is to show the stress-induced localisation in flow patterns. 
Table 4: verify if it is really useful to have more than one page of tensors… 
Since we have plotted the permeability magnitudes in Fig. 14, we decided to remove the previous 
table in the revised paper. 
Equations 
p.8 L9: verify standard of the journal for vector and tensor products 
We have made the change to make the symbol of vector/tensor products clearer. See p.10 L12. 
p.9 L18: define up, u and JRCn. 
We found we used inconsistent symbols for the variables of peak shear displacement, shear 
displacement, and joint roughness coefficient. We have corrected the equation in the revised paper. 
See p.12 L1. 
p.10 L9: please, recall the very strong hypotheses under this classical identity. It could help for the 
discussion. 
We have clarified the assumption as “Single-phase filtration process of incompressible fluid with 
constant viscosity in porous media, in absence of sources and sinks, is governed by the continuity 
equation and Darcy’s law…” as seen in p.12 L19 and p.13 L1. 
Typo 
p.8 L6: separate 1.75 from JRC 
We have corrected this. See p.10 L9. 
p.8 L7: comma at first 
We used comma at first because it is a half sentence following the last unfinished one. We changed 
it to “and” in the revised paper to avoid misleading potentials. See p.10 L10. 
p.8 L13: separate 0.0074 from JRC 
We have corrected this. See p.10 L16. 
p.9 L1: separate comma and δs 
p.9 L2: separate comma and δs 
  
We have changed both of them. See p.11 L3. 
p.9 L6: σn or σ’n? 
We have corrected it to be σ’n. See p.11 L8. 
p.9 L15: separate comma and δs (2 times) 
We have changed them. See p.11 L17. 
p.12 L1: blank line to be suppressed. 
We have removed this. 
p.13 L3-5: repetition of p.5 L14-16: suppress one occurrence. 
We have removed the one in the result section. 
p.14 L17: write: “each fracture set” (not “sets”). 
We have removed the part of averaging hydraulic aperture for each fracture set in the revised paper 
due to its minor importance and misleading potential. More explanation is given in the response to 
the reviewer’s later comment about why using an average hydraulic aperture for flow simulation 
(actually we used locally variable apertures in flow simulation rather than an averaged value). 
p.15 L9: write: “in Case 3A and Case 3C” and check if using capital is accepted by the journal for 
such common words. 
We have checked that there is no specific statement about such expression in the journal 
regulations. However, in the revised paper, we just use the stress ratio value to denote each stress 
case rather than using previous ‘Case 1A~4C’. 
p.16 L15-16: repetition of p.15 L11-12: suppress one occurrence. 
We have removed all previous discussion about effect of vertical stress magnitude. 
Objective of the paper 
p.4 L2: please suppress “porous” from the objective and the title, and check the other occurrences of 
this word all over the text, it is useless in most cases since you work in “no-flow conditions on the 
remaining boundaries parallel to the flow direction” (p.10 L20). 
We have changed the title and avoided to use “porous” in the revised manuscript. 
The main hypothesis of the paper 
“Fracture propagation is not simulated…” You call to sliding between persistent fracture walls, but 
your figures don’t display such sliding which would create some gaps between rock blocks. I don’t 
say that sliding is not possible in your mechanical methodology, maybe it is; rather, I observe that the 
design of your experiments do not allow for significant sliding and the medium keeps its initial 
structure. Finally, I would simply say: “Fracture propagation is not simulated since we consider three 
orthogonal sets of persistent fractures”. Indeed, the word “persistent” contains the question and the 
answer together. 
The sliding of fractures is shown by the distribution contour of shear displacement (Fig. 10b) and 
the openings between blocks are shown by a view from the top of the model (Fig. 10c). We have 
  
changed the explanation about fracture propagation following the reviewer’s suggestion. See p.7 
L15~16. 
Novelty and originality 
What’s new? Is it the quite complicated way you consider aperture, or the fact that you compute the 
deformation of a block in 3D? Is it the algorithm for the topological diagnosis of DFN (it seems not to 
be so new)? 
We think the novelty and originality of this paper is the way we characterise the stress-induced 
heterogeneity of fracture apertures by considering the roughness effect at the fracture scale and the 
mechanical interaction effect at the network scale. We quite appreciate the reviewer’s suggested 
paragraph at the end of the comments that helped us bring out the advantage of our model. We 
have also added some explanations about this feature in the introduction section. See p.5 L16~20. 
Corrections and questions 
p.3 L17: what is “an accurate characterisation of the permeability tensor”? Suppress this word? 
We have removed this sentence in the revised paper. 
p.4 L6-7: please add …“equivalent aperture calculation” for each fracture set. 
In our model, we calculate the equivalent aperture for each joint element. It means that the model 
permits variability of apertures in each single fracture (see Fig. 11) consisting of numerous joint 
elements. Thus, we do not have to say ‘equivalent aperture calculation for each fracture set’. 
p.5 L13: what is provided by “interaction between individual fractures” after “fracture dependent 
stress heterogeneity”? 
We have changed “fracture-dependent stress heterogeneity” to “stress heterogeneity in matrix 
blocks” to make it clearer. See p.7 L13. The “interaction between individual fractures” modelled 
by interaction and movement of rock matrix bodies captures the mesoscopic openings at 
intersections of shearing fractures or boundaries of rotated blocks. We have included a detailed 
discussion about the mesoscopic opening and microscopic apertures in the revised paper following 
the reviewer’s later suggestion. See p.16~17, section 4.1. 
p.5 L14: “the variability of aperture distribution in the fractures”… I understand that you have a 
distribution grace to the topological analysis, but you dramatically reduce it to an average value for 
each fracture set (p.15 L17-18). What a loose of information… 
Information of variable apertures induced by applied polyaxial stress conditions is preserved in 
flow simulation. The purpose of previous calculation of the average aperture value for each 
fracture set is (1) to have an idea of which fracture set is more active for hydraulic conductivity, (2) 
to quantitatively compare the aperture levels in different stress cases, and (3) to know the range of 
fracture permeability in order to choose a proper matrix permeability value and achieve a high 
permeability contrast. Due to its minor importance and the misleading potential, we have removed 
this part in the revised paper. 
p.5 L20: “indirect HM coupling” … is not physical HM coupling; I would be more careful with the 
use of this concept. “Indirect” is a way to attenuate but the end of the sentence gives far too 
importance to this coupling: “… and tends to be a dominant physical process”. 
  
We agree with the reviewer that the method used in this paper is not a physically realistic two-way 
coupling. We have modified our previous expression and removed the sentence which may have 
exaggerated the importance of the “indirect” approach. See p.7 L20 and p.8 L1. We have also 
included a sentence in the discussion part about the importance to achieve more physically realistic 
modelling of two-way coupling process in the future’s work. See p.21 L17~19. 
p.6 L3: “associated with local equivalent apertures”. What is this, compared with the average aperture 
for one set (p.14 L15)? I rather understand that “local” is opposed to “average”, as used p.10 L2. But 
what does “local” mean exactly? 
We have explained this in the response to the previous comments. Sorry for the unclear and 
misleading expression in the previous version. 
p.7 L2-3: what is exactly a “conversion”, what is it used for? Is it simply a convenient way to obtain 
graphically explicit fracture voids for the need of pedagogy (Fig. 9c)? Or is it a necessary phase in the 
mechanical computation, in order to compute block sliding and rotation and more generally to 
introduce kinematics in the code? 
In our mechanical model, a fracture is a three-dimensional space bounded by two opposite surfaces. 
The openings and shear displacements are calculated based on the deformed configuration of the 
two facing fracture walls. However, in the flow simulation, a fracture is represented by one surface 
associated with variable equivalent apertures. The conversion process is to extract the median 
surface between the two facing walls as the lower-dimensional representation to the actual 3D 
fracture aperture space. The distributed apertures are calculated by the later characterisation of 
mesoscopic and microscopic effects. We have added an explanation about this in the revised paper. 
See p.8 L21 and p.9 L1~3. 
p.7 L7 and p.8 L18: “microscopic closure and dilation…” Please, explain how significant this 
mechanism is in the resultant aperture, and justify by separating in your computation the effects of 
mesoscale and microscale mechanic opening. I cannot believe that Fig.6b would give realistic normal 
displacement for fractures in situ (deep rocks as for the applications you cite), excepted if the ratio of 
shear displacement to peak shear displacement is between 0 and 1.5. You should zoom the graph on 
this range. Then, you will say, as at p.9 L9, that “the pre-peak contraction… are well captured…” 
Nevertheless, it is poorly defined, as explained at Eq (11) and p.10 L1. Then, Fig.9c suggests a major 
block rotation effect, and I wonder if the shear dilatancy is not negligible in your computation. 
Moreover, the maximum hydraulic aperture you obtained (Table 3) is about 313 microns for a huge 
deviator but we need a graphical representation of the relation between mechanic opening and 
hydraulic aperture to see where we are in the curve of Fig. 6b. The curve should tend towards an 
asymptotic value long before the displacement reaches 3 mm, because we are not at the laboratory! 
(1) We have included an analysis to distinguish the fracture porosity induced by mesoscale and 
microscale effects. See p.17 L6~14 and Fig. 13. 
(2) We have zoomed in a smaller scale for Fig. 6b following the suggestion of the reviewer. 
(3) Based on the result of Fig. 13, we think shear dilatancy may not be negligible, especially for 
cases with a stress ratio lower than the critical one, i.e. 3.1. 
(4) We have included a figure (i.e. Fig. 7) to show the variation of mechanical aperture, hydraulic 
  
aperture and their ratio during a shearing process. As predicted by the reviewer, the hydraulic 
aperture seems to approach a plateau before δs / δpeak reaches 3.0. Detailed explanation is given in 
p.12 L3~10. 
p.7 L20: please, give in the text the value of a0; applying Eq (4), I obtain 0.3 (in mm), confirmed by 
Fig.6a. It is not realistic for fractures in situ, and it is superior to most of the values obtained in Table 
3. Then, according to Fig.6a, after closure, all fractures will remain with an aperture > 0.265 mm, 
which again is superior to most of the values obtained in Table 3. Indeed, maximum closure vm, 
according to Eq (8), is 0.038 mm, which seems to be in agreement with Fig.6a with a0 - vm = 0.262 
mm. How do you conciliate this with your final values of aperture? Why do you assume an aperture 
of 0.065 mm for the REV computation, far inferior to vm at p.12 L5? 
(1) The value of a0 has been added in Table 2. It is an empirically calculated value for a rough 
fracture under zero tectonic stress, so it is larger than that of in-situ fractures that are stressed. 
(2) It is true that as shown in Fig. 6a, all fractures will have a mechanical aperture > 0.265 mm 
under an assumed normal stress 10 MPa. However, due to the roughness effect, the hydraulic 
aperture of a fracture may be much smaller than the mechanical aperture, as shown by Fig. 7. 
(3) In the revised paper, we have removed the REV computation. 
p.9 L11: what does “combining” mean? Is it by summing? Please, give the equation used. In fact, 
amicro is not ever defined: is it the a0 reduced by normal closure, as seen at Fig.6a? See also p.13 L10. 
We have changed to use ‘summation’. See p.11 L13. The equation for calculating total aperture is 
given by Eq. (13), p.12 L12. The definition of amicro is given in p.10 L7. 
p.11 L13: bedding planes are not fractures and should not have the same mechanical properties. 
We have removed “bedding planes” and just say “three orthogonal sets of persistent fractures” in 
the revised paper. See p.14 L6. 
p.11 L14: “obliquity”: please, precise if your experiment is done with stress directions at 45° with the 
fracture directions. 
We have added “The two vertical sets are oblique at 45° to the model boundaries where far-field 
horizontal stresses are to be applied.” in the revised version. See p.14 L7~8. 
p.13 L1: “an unstressed state with all fractures initially closed”: do you mean “zero” aperture? Then, 
what about a0 and vm? Let be more precise, which value of initial aperture? See at p.14 L21: “a value 
approaching the maximum allowable closure vm”. Then you say 0.0788mm. This value is not close to 
a0-vm, so finally, I don’t understand. 
We have removed the previous unclear sentence. The reason why the hydraulic aperture 0.0788 
mm is not close to a0-vm is due to the non-linear relation between mechanical aperture and 
hydraulic aperture. As shown in Fig. 7 of the revised version, when the shear displacement is zero 
corresponding to the previous isotropic stress case, mechanical aperture is ~0.25 mm while the 
hydraulic aperture is < 0.1 mm. In this paper, we used a relatively large JRC = 15 to explore the 
scenario with quite rough fractures. However, if a smaller JRC value, e.g. < 5, is used, the 
difference between hydraulic and mechanical aperture will be attenuated. 
  
p.13 L8: you use the concept of channel too easily. On Fig.9c, we can see mechanical opening (maybe 
“converted” into hydraulic aperture?) but channels, I am not sure. Same remark for p.17 L9: “flow 
channeling effect is observed”. 
In the revised paper, we use “flow localisation” instead of “flow channelling” to avoid being 
misleading. In Fig. 10c (corresponding to previous Fig. 9c), we have changed the caption to 
“fracture openings caused by block rotations (observed from the top of the model)…” 
p.13 L20: you call to “greater susceptibility to shear”; the sense of that is unknown; probably the 
difference you try to explain between set 1 and set 2 is due to a border effect. 
We have removed this discussion in the revised paper. 
p.13 L21: “the applied differential stress is not high enough to initiate dilation”: maybe, but it is high 
enough to engender block rotation. I guess dilation is not the main source of opening and your 
quasi-rigid blocks more easily rotate than shear? How do you compute kinematics effects? At p.14 
L9-10, you put microscopic dilatancy as the first mechanism, and mesoscopic effect as secondary? At 
p.15 L4, the effects are not discrimated. At p.15 L11, block sliding and rotation dominate… and also 
p.17 L17-18. Then, in the conclusion, p.22 L1-6, it is not clear whether you conclude that dilation is 
the dominant mechanism or not. 
We agree with the reviewer that the mesoscopic fracture opening caused by block rotation is an 
important source contributing to fracture apertures when the stress ratio is high enough. Rotation 
of a matrix block is considered to be initiated by shearing of its surrounding fractures. Block 
kinematics are modelled by the FEMDEM solid model, in which the interaction of multiple blocks 
are calculated by the discrete element module and the deformation of each block is modelled by 
the finite element solver. As mentioned in the response to a previous comment, we have included 
an analysis to distinguish the contributions of mesoscopic and microscopic effects to the fracture 
porosity. In the cases with relatively low stress ratio, e.g. σ’y / σ’x < 2.5, fracture porosity is mainly 
dominated by the microscopic roughness. However, mesoscopic effect begins to manifest itself as 
a key contributor when the stress ratio is further increased. Detailed discussion can be found in 
p.17 L6~14. 
p.14 L2: On Fig.10, a “corner effect” is obvious (or border effect). 
The border effect has been reduced in the revised paper. Detailed explanation is given in the later 
response to the reviewer’s synthetic comments. 
p.15 L14: “Flow simulation”… under uniaxial pressure differential. Please, precise the boundary 
conditions: no-pressure or no-flow? On which faces of the domain? 
We have modified the sentence. See p.16 L1~4. 
p.15 L17-18: I understand that the flow is not computed locally in each element or each lower 
dimension surface between two blocks, but globally on the orthogonal system of persistent fractures 
with only one average value for each fracture set. At this stage, it is very disappointing… Finally, the 
permeability tensor is computed from a “series of experiments” but the procedure is not described. 
(1) Locally variable apertures were preserved in our flow simulation rather than being averaged as 
the reviewer stated. 
  
(2) We have added a new section to describe the numerical modelling procedure in the revised 
paper. See p.14~16, section 3.2. 
p.16 L21: what is “local” kmax? 
We have changed it to “corresponding kmax”. See p.18 L7. 
p.17 L1-3: “Ellipsoids…” is a tautology. 
We have removed this sentence. 
p.21 L15: “uniformly fractured rock”: it is not the case here. 
The conclusion part has been shortened and this sentence has been removed. 
Discussion 
p.17 L9 and L20: “flow channelling is observed”…”as can be seen…”. Observation is not 
demonstration. What we can see on a figure comes from what you say: the localised flow behaviour is 
a result of fracture geometry and aperture… and also from border effects. But this is obvious from a 
mechanical point of view and does not need to be observed to be true. 
We have changed the phrase of “flow channelling” to “flow localisation” or “flow heterogeneity”. 
We have also rewritten this part. See p.18 L19~21 and p.19 1~8. 
p.17 L14-16: “Zigzag flow channels…when fluid is transported”: no, zigzag channels exist, that’s all, 
and flow has no other choice than follow them, whatever the pressure gradient is. 
We have modified this sentence to “…fluid flow is localised in some zigzag-shaped pathways 
corresponding to the large aperture channels formed by parts of some fractures of the two vertical 
sets”. See p.18 L15~17. 
p.17 L18-20: “The formation of the main flow channels is based on the preference of fluid…” No, I 
would say the contrary: preferential flow is based on the existence of channels, geometric in nature 
and mechanic by their origin. Moreover, preferential flow is not a question of “effort for fluid”: in 
saturated steady state, it is a question of path length from a face to the opposite, aperture along the 
paths, and time for a tracer to cross the domain. You don’t make a 3D connectivity analysis, nor a 
tracer experiment, so you cannot discuss channelling and preferential flow. 
We have removed the misleading discussion about “preferential flow” in the revised paper. 
p.17 L13-14: “heterogeneous shear stresses will have locally developed that exceed the frictional 
resistance for sliding”: yes, but this phenomenon begin before Case 3, somewhere between Case 2 
and Case 3. I think the transition range of stresses is the most interesting part of Fig.12 and the whole 
paper and should be preferentially addressed. 
This is a very good suggestion. We have added more cases with stress ratio σ’y / σ’x = 2~3, as 
shown by Table 3. The transition behaviour of the permeability is presented in Fig. 14 of the 
revised paper. 
p.18 L8-10: “It is often argued…” No, it is a wrong statement on what think most of other authors. 
Cite one author and discuss what he/she wrote. But I don’t think that authors argue like you say. And 
higher vertical permeability is not a discovery. Moreover, your Case 3A has not an “intermediate 
  
stress”. 
We have removed the previous sentence of “It is often argued…” We have also removed 
“intermediate stress” in the next sentence “The result supports what is…”. See p.19 L15~18. 
p.18 L13: Fig.14 bottom right: if you impose a vertical gradient, you sollicitate kv more than kh1 and 
kh2, that’s all what you can say. 
We have removed the citation to Fig. 14 bottom right (Fig. 16 of the revised paper). Instead we’ve 
added two references for this statement. See p.19 L18. 
p.18 L15: “the most appropriate”: for what? What do you want to demonstrate? Everybody knows 
that the stress regime controls channeling within the network. The question is not there. The objective 
of the paper is to compute the stress effect on the permeability tensor: this is intended for any stress 
regime, I guess, and not only for some specific “appropriate” regimes. But I agree with you that the 
“free displacement” condition should be discussed. In fact, it was not even said before. 
We have changed to “…the most appropriate for modelling mechanical behaviour of the rock 
sample with such persistent fractures…” See p.19 L19~20. 
It is true that the proposed variable aperture model is not only for the strike-slip regime, but the 
stress conditions modelled in this paper is more related to the strike-slip regime. Hence, when we 
discuss the result of this paper, we prefer to talk about “strike-slip regime”, as shown in p.19 L16. 
However, in the conclusion part, we use more general statement. For example, we say “Fluid flow 
tends to localise in some critically stressed fractures that are associated with much higher hydraulic 
conductivity than other fractures not optimally oriented for shearing.” See p.22 L16~18. 
Synthetic comments 
The loading history is lacking and boundary conditions are not well presented and discussed. This is 
not acceptable for a paper based on numerical experiments. The border effect is not anticipated. It is 
very important with quasi-rigid blocks. To keep with a distance of 10% away from the boundaries is 
not sufficient. In order to reduce border effects, it is necessary to create a continuous domain several 
times larger than the focused discontinuous cube, then to consolidate the domain (included the cube) 
under isotropic or orthotropic stress regime and make the initial topological analysis of the 
mechanical openings. Then a second phase of deformation under a series of stress regimes for the 
need of the study will allow to obtain aperture distributions for each fracture. 
A section about the procedure for numerical experiment (i.e. section 3.2) has been added in the 
revised paper. The reviewer’s suggestion of two-phase loading is a very good advice and we have 
followed this suggestion and rerun the simulation. However, we do not fully accept the idea of 
creating a continuous domain several times larger than the fracture network. We think it may not 
be able to realistically impose the prescribed tectonic stress conditions to the studied rock region. 
The elastic deformation of the continuous domain may not be able to accommodate large 
displacement of such persistent fracture system. However, we adapted the reviewer’s comment to 
a “semi-free” displacement boundary constraint using a hollow-box shaped buffer zone. Detailed 
explanations can be found in section 3.2, p.14~16. 
The border effect has been reduced in the revised paper by using the “semi-free” displacement 
boundary, as shown by Fig. 12. We admit that there might still be border effect in the mechanical 
  
model, as shown in Fig. 10b. However, we think the “border effect” is in nature due to the “sample 
size effect”. In the revised paper, we have stated clearly in the introduction that we mainly focus 
on the stress effect, whereas the complexity of scale effect is considered beyond the scope of this 
study. See p.5 L20~21. 
Why using Oda’s tensor for REV estimation, when you can do it by your own computation? At the 
end, you are not sure of your REV: it is not acceptable, you have to be sure. “Further investigation 
therefore needs…”: this should be done here if you want to prove the possibility of REV and 
demonstrate that flow channeling is different from border effects. Otherwise, do not discuss the REV 
and just make the assumption that your calculation reach the REV for mechanical effects. The notion 
of flow channelling is in contradiction with the REV. You cannot handle the two concepts in a so 
simple manner. Indeed, you say that it will be a “sophisticated process” to determine an REV size. At 
the end, you deny yourself this perspective by envisaging the fractal nature of the network! 
We have removed the previous REV calculation in the revised paper. We agree with the reviewer 
that flow localisation is in contradiction with the REV concept. In the introduction of the revised 
paper, we have stated that this paper will only focus on stress effect rather than scale effect. 
However, slight discussion of REV is still involved in the discussion part of the revised version. 
See p.21 L6~11. 
Too many obvious statements or observations are made (see p.17). For instance, why do you observe 
especially “vertical channels”? It is just because the vertical fracture density is higher than the 
horizontal one, we don’t need a model to say that! To discuss anisotropy needs the notion of “flow in 
the direction of the gradient” and “flow orthogonal to the direction of the gradient”, which is more 
general than “vertical” and “horizontal”. You should make reference to other 3D codes handling 
discontinuities in rocks. I don’t say to make computations with another code in order to compare each 
case, even if it would be interesting, but at least discuss the advantages of your numerical approach 
compared with another. Topological analysis and interpretation of mechanical openings into hydraulic 
aperture is the key of your work. Unfortunately, no discussion is made of the geometrical form of 
opening in each individual lower dimension surface (piece of a persistent fracture) as a result of the 
deformation : in my experience, an olive-like (or fish-like) profile results from the deformation due to 
an excavation (tunnel or well). With your topological analysis, you are likely to be able to draw a 
typical profile of pieces of fracture. At least, you could give us the opening distribution along a piece 
of fracture if the number of nodes is sufficient for a 50 cm spacing between two orthogonal fractures 
interrupting the fracture of interest. If the number of nodes is too low, then you could give us the 
opening distribution along a persistent fracture across the cube size. Then, I do not understand 
precisely how you convert the distribution of mechanical openings between pairs of nodes into 
element hydraulic apertures: somes steps lack or are too fast in the text. Are the equations used before 
the computation of the average and how exactly do you compute the average aperture? Is it computed 
for each block (each piece of fracture) or for each persistent fracture, or for each fracture set? Do you 
compute the flow before (on the joint elements) of after (on the parallel persistent network) extracting 
the average of a fracture set? Please, explain how significant the two mechanisms are in the resultant 
aperture, and justify by separating in your computation the effects of mesoscale and microscale 
mechanic opening. 
(1) We don’t agree with the reviewer’s comment that formation of vertical aperture channels is 
simply due to higher vertical fracture density. It is an issue related to the geometrical configuration 
  
(e.g. fracture orientation, spacing) and the geomechanical condition (e.g. stress orientation, 
magnitude and the differential stress ratio). The key feature of this paper is to propose a method to 
characterise the variable apertures of a fracture network (although we only focus on 
‘persistent-only’ network here) in response to various stress conditions. 
(2) We have changed to use “the direction of pressure gradient” following the reviewer’s 
suggestion. See p.18 L19. 
(3) We think a comparison with other 3D numerical codes for mechanical computation of fractured 
rocks may not be a necessary part for this paper. Here we are not proposing a new numerical 
algorithm for solving solid mechanics problems. What we are focused on in this study is to apply 
the existing 3D FEMDEM technology and combine it with a variable aperture model for 
hydro-mechanical modelling of fractured rocks. Description of the features of the FEMDEM 
approach can be found in p.7 L10~15. Another key feature of the FEMDEM technology is that it 
permits integration of a smeared crack propagation model as demonstrated in 2D research by 
Latham et al. (2013) and Lei et al. (2014) and 3D work by Guo (2014). However, fracture 
propagation is not simulated in this paper for such a persistent system but will be included in our 
later research. 
(4) The comment about the geometrical form of the single fractures is a very good suggestion. We 
have added a detailed discussion (p.16 L12~19) about the fracture-scale aperture heterogeneity as 
illustrated by Fig. 11. It shows a distribution form quite similar to the “olive-like” shape claimed 
by the reviewer, with large values at the middle zones. 
(5) The procedure of calculating final aperture based on mesoscopic opening and microscopic 
apertures has been more clearly stated in the revised paper. See p.12 L11~15. The two scale effects 
are also discussed in p.17 L6~14. 
Conclusion of the reviewer 
The numerical mechanical code can be considered as already known grace to references to previous 
work of the team. But the authors are not exempted of describing the numerical experiment phases 
and compute themselves a REV. The challenge in the problematic of this type of “indirect” HM 
coupling is to develop a straightforward way to combine the set of equations (laboratory-based, 
empirical equations, simple analytic models of fracture) allowing to “convert” mechanical openings 
of joint elements into hydraulic apertures. Then, to compute the individual flows and solve the matrix 
of all the joint elements. A topological analysis is obviously essential for measuring of mechanical 
openings but even if the chosen algorithm is new in this type of application, it is only a tool to go 
further and cannot be an objective of a scientific paper (for a technical note, it could be). 
The order of the steps is to be finely described. At which step come averaging computations of 
opening (or aperture?) and what and how exactly, so that we can identify the loose of information? 
See also all the questions regarding the close and dilate processing of the joint elements, and the 
rotation or sliding of blocks. If the numerical mechanical code is not able to compute flow in joint 
elements or pieces of fractures (between blocks) but ony in persistent fractures crossing the domain 
with a constant average aperture, it is not a pertinent way to highlight channels and not a new way to 
compute anisotropic permeability. The general considerations used in discussion and conclusion must 
be shortened and transferred to the introduction. A true bibliographic part must be added on the needs 
  
of a better conversion of mechanical openings of joint elements into hydraulic apertures. It is 
necessary to recall the different approaches already published for this specific problem, then to 
explain how the FEMDEM code provides a methodology to really take into account the spatial 
heterogeneity of the obtained aperture distribution, without abusively averaging the rich aperture 
distribution obtained in the first part. In my opinion, the paper should be rewritten in this perspective. 
We have rewritten the paper following most of the reviewer’s comments. The comments of the 
reviewer’s conclusion have already been replied in the response to the reviewer’s detailed 
comments. 
Suggestion: I would add something like that. 
A universally accepted model for flow in fractured media still not exists today, probably because 
some basic aspects of the problem have been weakly studied. In fact, the key factor of the conceptual 
models (Oron and Berkowitz, 1998; Spence and Woo, 2002; Pouya and Fouche, 2009) is always the 
local cubic law (LCL) or Poiseuille law: according to this famous fundamental law, flow in a fracture 
is controlled by the hydraulic aperture. Consequently, the definition of the aperture and application of 
the LCL are likely to impact the quantitative analyses and interpretations of laboratory and field 
measures. Especially, roughness and the wall morphology are subjects of concern while they turn into 
flow channeling and short circuit (Thompson and Brown, 1991; Hughes and Blunt, 2001). The 
literature exhibits two separate approaches of fractures, depending on the chosen study scale: the level 
of the individual fracture roughness described in detail and the level of the fracture network, 
homogenized or not. Each approach needs methods adapted to its scale for analysis and interpretation. 
Up to now, there are very few attempts to bridge these two approaches, and even less to integrate the 
results of the detailed description of one fracture into discontinuity network modeling. In this paper, 
we will realize a 2D cartography of fracture mechanical opening at the scale of a straining fracture 
network and we focus on the resulting morphology of the fractures and its influence on the flow law. 
Our purpose is to take into account some of the complexity of individual fractures in the hydraulic 
behavior of a fracture network. We think that it will be useful at different scales: from metric fractures 
around a tunnel to cm-sized fissures around a well. 
Thanks for this very useful suggestion, especially the idea about bringing out the feature of the 
proposed method that can model stress-induced aperture heterogeneity caused by both 
fracture-scale and network-scale effects. We have adapted this paragraph into our introduction 
with certain modifications. See p.3~5. 
Response to Reviewer #3: 
The manuscript is in general well written and it is easy to follow. It presents a geomechanical model 
for stress-dependent variable aperture persistent fractures in different polyaxial stress conditions. 
Once the mechanical static equilibrium has been calculated with a FEMDEM code, it computes the 
equivalent permeability tensor of the deformed fractured network by means of flow simulations 
through the X, Y and Z directions for each polyaxial stress condition imposed. I recommend its 
publication with some minor corrections. 
The abstract captures appropriately the subject of the article. However, I don't think the title 
represents the key part of the main contribution of this article, which for me is not the permeability 
  
tensor computation via flow simulation (not very detailed in the article though), but the stress-induced 
variable aperture model with mesoscopic + microscopic processes involved. I would suggest the 
following title: "Polyaxial stress-induced variable aperture model for persistent 3D fractured 
networks". 
We have changed the title to ‘Polyaxial stress-induced variable aperture model for persistent 3D 
fracture networks’ following the reviewer’s suggestion. 
There are some limitations in the geomechanical model that I think are not sufficiently outlined in the 
text: 
- Only persistent fractures (completely traversing the domain) can be modelled, in which cases is this 
realistic enough? The authors could add a justification for the use of this network geometry in the case 
of the limestone they are studying. 
First, we have mentioned in the section 3 that such persistent fracture system tends to give an 
upper bound for rock deformability and permeability. See p.14 L10~12. Second, we have added a 
sentence to justify the possible realism of such persistent system: “In reality, such idealised 
persistent networks might still be representative of some special scenarios involving highly 
fractured ‘non strata bound’ sedimentary rock.” See p.14 L12~14. 
- Section 1, Introduction. Page 3, line 10. The feasibility to characterize a high number of fractures by 
the FEMDEM mesh: to which point is this discrete elements model applicable to a real-size domain of 
several hundreds of m3 of volume (or several thousands of fractures), in terms of fractured network 
characterization and mechanical model resolution? 
Current computational power still does not permit a very large scale modelling with thousands of 
fractures, since calculation of matrix deformation and detection of the contacts between discrete 
bodies require a huge amount of iteration. The FEMDEM model built in this research (having a 
volume of 0.125 m3) has a mesh with ~200,000 tetrahedral elements and costs ~30 hours to 
produce final results. However, our group is now working on the parallelisation technique which 
can allow us to submit the simulation to e.g. 16 cores, and then modelling of a larger domain 
covering tens or even hundreds of m3 of volume might be possible. 
In the current paper, we just say ‘Due to the limits of current processing power, the numerical 
computation is technically constrained to consider only a relatively small scale virtual experiment 
and a 0.5 m × 0.5 m × 0.5 m cube-shaped rock sample is extracted for analysis in this paper.’ See 
p.14 L14~17. 
- Section 2.2. Page 5, line 18. The pressure-stress Biot coupling is not taken into account. The 
sequential modelling of mechanics and then hydraulics used in this work does not consider this 
important coupling (especially in claystones and limestones!). It should be done a remark in the text 
about this limitation and its possible consequences on the permeability tensor, as pressure gradients 
considered here are of the same order of magnitude than the maximum stresses reached in the model 
(factor of 2). 
In this research, we modelled a rock mass with a very low matrix permeability compared to the 
fracture permeability. The fluid flow is mainly governed by the fracture domain. We agree to the 
reviewer’s comment that the pressure-stress Biot coupling is a very important respect for 
modelling fractured porous rock, but we may think this is a minor effect for our model with almost 
  
impervious matrix. However, we still included an explanation in the revised paper: ‘Poroelastic 
effect caused by the Biot coupling of pore fluid pressure and solid stress is not considered here for 
such a nearly impervious matrix …’ following the reviewer’s suggestion. See p.17 L17~19. 
Section 3.3, Flow simulation. Page 16, line 4. Equivalent permeability of the fractured domain is 
computed here through direct flow simulations, which may not be a very practical approach while 
dealing with real domains of thousands of fractures, in which we actually preferably need an already 
upscaled permeability tensor to be introduced in the hydraulic models to be run. I think there should 
be mentioned here (or in the introduction), other 3D upscaling methods existing in the literature that 
does not require explicit flow simulations to compute the equivalent hydraulic or hydro-mechanical 
parameters. 
We agree with the reviewer that the approach proposed here is hard to be directly applied to a real 
reservoir domain panning hundreds or thousands of metres and consisting of millions of fractures. 
However, the results of the study still have important implications for upscaling permeability to 
grid block properties for 3D reservoir flow simulation. We have added some discussion about 
other upscaling methods that do not require explicit flow simulations for calculating equivalent 
properties in the discussion section of the revised paper. See p.20 L21 and p.21 L1~5. 
And some other small comments or corrections are: 
- Section 3.2. Page 13, line 13. In the sentence "Fig. 10 shows the distribution of shear displacement 
and hydraulic aperture…", I would add "in log scale". 
We have added ‘in log scale’ in the revised paper. See p.16 L20. 
- Figure 1a: the axes tick marks are difficult to read, as well as the axes labels (north, east, elevation). 
I would do them bigger and also I would add texts indicating sets 1, 2 and 3 of fractures. 
We have increased the font size of the axes ticks and the axes direction labels. See Fig. 1(a). We 
didn’t add indication of fracture sets in Fig. 1(a), since it is just a schematic example and not the 
network we are going to analyse. However, we indicated the IDs of fracture sets in Fig. 8 in the 
revised paper following the reviewer’s suggestion. 
